Motoneurons demonstrate adaptations in their physiological properties to alterations in chronic 17 activity levels. The most consistent change that appears to result from endurance-type exercise training 18 is the reduced excitatory current required to initiate and maintain rhythmic firing. While the precise 19 mechanisms through which these neurons adapt to activity are currently unknown, evidence exists that 20 adaptation may involve alterations in the expression of genes that code for membrane receptors which 21
can influence the responses of neurons to transmitters during activation. The influence of these 22 adaptations may also extend to the resting condition, where ambient levels of neuroactive substances 23 may influence ion conductances at rest, and thus result in the activation or inhibition of specific ion 24 conductances that underlie the measurements of increased excitability that have been reported for 25 motoneurons in the anesthetised state. We have applied motoneuron excitability and muscle unit 26 contractile changes with endurance training to a mathematical computerised model of motor unit 27 recruitment (Heckman and Binder, 1991) . The results from the modelling exercise demonstrate 28 increased task efficiency at relative levels of effort during a submaximal contraction. The physiological 29 impact that nerve and muscle adaptations have on the neuromuscular system during standardized tasks 30 seem to fit with reported changes in motor unit behaviour in trained human subjects. In this brief review, we attempt to revisit this issue, with the addition of experimental results that have 40 been reported recently. Specifically, our goal is to provide a more fulsome discussion of the effects of 41 increased and decreased activity on motoneuron properties, our current view as to mechanisms for 42 adaptations, and application of experimental results to a model of motor unit recruitment (Heckman and 43 Binder 1991) in order to get some idea as to the practical implications of these adaptations. 44
Motoneuron biophysical properties demonstrate plasticity across the physical activity spectrum 45 Table 1 constitutes a summary of the experimental results for effects of various levels of 46 physical activity on properties of rat alpha-motoneurons. Interventions include models of reduced 47 activity, such as spinal cord transection in the thoracic region, which will render motoneurons hypo-active 48 due to interruption of descending tracts and thus voluntary activation, and removal of weight-bearing via 49 suspension of the hindlimbs for 4 weeks. Models of increased activity include chronic access to voluntary 50 exercise wheels, intense daily endurance treadmill training, two hours per day, for up to 16 weeks, daily 51 weight-lifting training for 5 weeks, and compensatory muscle overload achieved by tenotomy of 52 synergistic muscles, for up to 12 weeks. We believe that the "control" condition in these experiments, 53 which was housing rats individually in small standard rodent cages, is most likely a model of extreme 54 sedentary behaviour, similar to an individual confined to a small living space with no possibilities for 55 physical activity, and that the true control condition against which comparisons should be made is actually 56 D r a f t 4 the voluntary wheel access condition. In the latter, rats are able to choose their level of daily activity, and 57 this varies considerably among animals, much as is the case in humans. Nonetheless, comparisons of 58 increased and decreased use effects are made in Table 1 using this ultra-sedentary "control" group. 59
There are several general conclusions that we can arrive at in examining the data in Table 1 : 60 1. A minimal level of daily voluntary activity has significant effects on several motoneuron properties. This 61 is evident in considering the significant changes noted in Table 1 in motoneurons of rats given access to 62 exercise in voluntary wheels. From these data, it is evident that sedentary life-style impacts motoneurons 63 by decreasing their excitability through depolarization of both the membrane potential and voltage 64 threshold (which represents the mean membrane voltage at which sodium channels open during 65 depolarization towards an action potential). In addition, the decrease in the amplitude of the spike 66 afterhyperpolarization (AHP), which may influence rhythmic firing properties, is affected in "sedentary" 67 motoneurons. As one might expect, these changes occur in those motoneurons that are most frequently 68 used when one is moving around at a low to moderate intensity ("slow" motoneurons), as is the case with 69 voluntary wheel activity. 70 71 2. For some properties, there is a continuum adaptation between complete inactivity and dramatically 72 increased activity. For example, voltage threshold becomes depolarized with reduced activity, and 73 hyperpolarized with increased activity. In the latter, the "fast" motoneurons, which show a dramatic 74 increase in recruitment with intense treadmill training, are preferentially affected (since in voluntary 75 wheel activity, only slow are affected, whereas in endurance training, both slow and fast are affected). 76
Interestingly, "fast" motoneurons are also preferentially targeted for adaptation in the condition of 77 hindlimb suspension -perhaps the weight of the hindlimb and the non-weight-bearing movements that 78 occur in this condition are sufficient to maintain "slow" motoneuron voltage threshold. This property is 79 important in determining the amount of excitatory current necessary to evoke an action potential -a 80 D r a f t   5   depolarization and hyperpolarization of the voltage threshold renders the cell less and more excitable,  81 respectively. Similarly, spike AHP amplitude and cell capacitance tend to decrease and increase with 82 reduced and increased activity, respectively. Rheobase current (current intensity evoking a single spike) 83 and the current necessary to evoke a rhythmic discharge tend to increase and decrease with low and high 84 activity levels, respectively, reflecting in part the changes in voltage threshold. 85 86 3. Different types of increased physical activity may have differing effects on motoneuron properties. The 87 exercises shown in Table 1 include daily intense treadmill endurance training (2 hours per day, 5 days per 88 week,16 to 20 weeks), resistance-type training (1 hour per day, 5 days per week, 5 weeks), and 89 compensatory overload of the medial gastrocnemius (12 weeks), achieved by tenotomy of its synergists. 90
The latter is a form of chronic muscle overload which induces changes in muscle fiber composition 91 towards a slow phenotype (Krutki et al. 2015) , and can thus be considered an extreme increase in physical 92
activity. With exception of medial gastrocnemius synergist tenotomy, which substantially increases the 93 workload of the medial gastrocnemius muscle, the volume of exercise and physiological response is 94 comparable to humans engaged in endurance (i.e. marathon running) and resistance exercise. 95
96
Some biophysical properties show similar adaptations to all three types of increased activity, 97 including spike rise time (which decreases) and minimum current threshold for rhythmic firing (which also 98 decreases). Thus, the ion conductances that govern these processes (primarily sodium and potassium 99 conductances) are quite plastic to even relatively short periods of increased activity (such as the shorter, 100 more intense episodes of neuromuscular activity that one would see with resistance exercise, compared 101 to prolonged endurance training). Although it appears that only "fast" motoneurons are impacted for 102 these two properties, it is necessary to point out that motoneuron "type" was not distinguished in the 103 intense endurance training experiment, and these properties were not measured in the voluntary wheel 104 exercise condition -thus, all of these conditions (intense treadmill training, resistance training, and 105 recognized. Changes in mRNA content as an expression of increased gene expression are isolated to the 154 cell soma, and can be amplified in order to be measured, whereas subtle increase in the content and/or 155 distribution of motoneuronal proteins would be difficult to measure, especially those that become 156 localised in dendrites and axon initial segment. 157
We found that changes were quite modest, and did not include the expression of ion channels, 158 including those for Na+ conductance changes discussed above. Rather, the most significant changes in 159 neurons includes the regulation of expression of receptors such as those referred to above, and we are 186 currently focussing our attention in that direction. 187
Importance of physical activity-related adaptations to performance. 188
It is important to stress that the adaptations summarized in Table 1 and spike frequency adaptation (eliminated). Interestingly, many of these are the same properties that 197 show changes in "sleeping" motoneurons after exercise training, and often in the same direction. Since 198 these changes with onset of locomotor activity in "awake" motoneurons are similar to the changes seen 199 D r a f t 10 with training in "sleeping" motoneurons, this suggests that perhaps "sleeping" motoneurons at rest in 200 endurance-trained rats are closer to a "readiness for activity" or "primed" state. In this, sensitivity of 201 the nervous system is increased or in elevated state of readiness and this may occur through changes in 202 the content of receptors that are activated during locomotion. Our plans to measure "awake" 203 motoneuron properties before and during evoked locomotor activity, in rats previously subjected to 204 alterations in chronic activity, will answer this question. and the tropomyosin receptor kinase C (TrkC) (all higher in slow type motoneurons). 5HT1A receptor 213 expression which is decreased after endurance training is also lower in slow motoneurons -however, 214 mGluRI, which was decreased after endurance training, is significantly higher in slow motoneurons 215 (unpublished observations). The GABA-A subunit which was also decreased with endurance training is 216 similar in expression in slow and fast motoneurons. Thus, as is the case with muscle tissue, complete 217 conversion from "fast" to "slow" phenotype does not occur with intense endurance training. 
Model Alterations 270
Ithres: The level of excitation needed to activate motoneurons is reflected by the amount of synaptic 271 current needed for action potential generation. Given reductions in Vth and current level needed to 272 sustain rhythmic firing, the parameter Ithres was reduced linearly by 20% across the motoneuron pool. 273
The extent to which Ithres was reduced was chosen for several reasons, 1) Vth decreases (Beaumont 274 and Gardiner, 2003) between 13 -17% for rat fast and slow MNs, respectively, following endurance 275 training; 2) minimum current used for rhythmic MN discharge is decreased by 32 % (MacDonell et al. Changes to the model that reflect neuromuscular adaptations resulting from endurance training 304 result in earlier motor unit recruitment at any level of synaptic drive, reduced firing rates of earlier 305 recruited motor units, and a speeding of the low-threshold muscle units favouring the production of less 306 force for any given frequency. These changes are illustrated in Figure 1A , where the target whole-307 muscle force is 20% of MVC. Note that more motor units are recruited to provide the same whole-308 muscle force, forces of individual motor units are lower, frequencies of firing are generally lower, and 309 the total excitatory current necessary to produce the force is approximately 10% less. This motor unit 310 pool is therefore more excitable -possibly via a hyperpolarized motoneuron voltage threshold -and is 311 recruited earlier over a wider range of forces than an untrained motor unit pool. 312
These adaptations, through a decrease in force output by recruited motor units, addition of 313 higher threshold motor units to "share" the required force, and reduced firing frequencies, may 314 contribute to a reduction in central fatigue and peripheral fatigue that promote the increased time to 315 fatigue noted in endurance athletes, during submaximal contractions. The lower frequencies may also 316 delay the gradual depolarization of membrane potential during sustained firing that would tend to 317 rate during sustained synaptic input (Granit et al. 1963 ). In endurance trained rats, SFA was shown to be 366 reduced by comparing the instantaneous frequency of the mean of the last three intervals to the first 367 interval during a 500-ms depolarizing pulse. The training-induced decrease in SFA would be expected to 368 impact the model in two ways. First, in a sustained isometric contraction, additional motor unit 369 recruitment to maintain constant whole-muscle force would be expected to occur more slowly, due to 370 the relatively higher maintenance of firing frequencies of firing motor units in the trained state. In 371 addition, due to the lower initial frequencies of firing, SFA would be less marked, since SFA occurs more 372 markedly at higher frequencies of firing (Button et al. 2007 ). During intermittent contractions, such as 373 one would see during running or cycling, the training-induced decrease in SFA might be expected to slow 374 the gradual increased recruitment that is necessary to maintain muscle force. SFA also occurs during 375 intermittent stimulation (Spielmann et al. 1993 ), although there is a possibility that SFA does not even 376 occur in "awake" motoneurons during locomotor-like activity (Brownstone et al. 2011; MacDonell et al. 377 2015) . 378
Maximal Firing and Inhibitory Influences: -Motoneurons have limits to the peak discharge rate. The 379 model does not provide any mechanism to plateau motoneuron firing rate. In addition, inhibitory 380 influence in general is lacking in the model, which may be important after training. For instance, one of 381 the mechanisms that may be at work following endurance training is reduced overall inhibition of the 382 motoneuron at the soma, which may be due to changes in GABA mRNA levels (Woodrow et al. 2013 ) 383 that potentially lead to decreased protein synthesis. 384
Interneurons: The motor unit model seeks to explain how motoneuron excitation, behaviour and 385 muscle unit response to input for a motor unit pool; however, it must be kept in mind that adaptation to 386 motor output may very well include other components of the locomotor circuitry within the spinal cord. 387
While interneurons have never been tested as a mechanism for spinal motoneuron plasticity, it remains 388 a viable alternative as an additional possible site of adaptations to endurance training. 389
Continuous versus time-varied synaptic input: Motoneurons engaged in a rhythmic task like locomotion 390 display relatively large changes to many intrinsic motoneuron properties. The AHP is reduced, even in 391 preparation of locomotion, Vth is hyperpolarized acutely for all motoneurons in the rat and a majority of 392 motor units in the cat, and spike frequency adaptation is largely reduced. As such, it is possible that 393 varied synaptic input such as that which one might see during locomotor activities reduces the 394 associations between the motoneuron and its muscle unit to a degree that requires a whole new set of 395 parameters to be included in modelling. 396
Conclusion 397
Changes in physical activity lead to changes in intrinsic motoneuron properties that impact how 398 motoneurons respond to stimuli. Ultimately neuronal adaptations that occur with endurance training 399 increase the systems readiness to respond with less effort. While the specific mechanism(s) remains to 400 be elucidated, the functional implications of the changes reviewed above lead to a system that achieves 401 submaximal force more effectively. The model used to illustrate changes in motor unit function implies 402 that endurance trained motor units share more of the work with less synaptic drive. 403 
